A computational modeling study of streamer propagation in a cold, atmospheric-pressure, helium jet in ambient air is presented. A self-consistent, multi-species, multi-temperature plasma model with detailed finite-rate chemistry and photoionization effects is used to provide fundamental insights into the structure and dynamics of the streamers. A parametric study of the streamer properties as a function of important discharge geometric and operating conditions is performed. The fluid mechanical mixing layer between the helium jet core and the ambient air is instrumental in guiding the propagation direction of the streamer and gives the plasma jet a visibly collimated appearance. The key chemical reactions which drive the streamer propagation are electron-impact ionization of helium neutral and nitrogen molecules. Photoionization plays a role in enhancing the propagation speed of the streamer, but is not necessary to sustain the streamer. The streamer yields a large radical concentration through chemical reactions in the streamer head and the body. The streamer propagation speed increases with reduced helium jet radius and increased helium-air mixing layer width. Impurities in the helium jet result in a significant increase in the discharge propagation speed within the tube through photoionization, but not after the streamer propagates into the open ambient region. It is also observed that thinner electrodes produce stronger electric-field concentrations that increase discharge propagation speeds within the tube but have a smaller influence on the discharge after it emerges out of the tube as a streamer.
Introduction
Cold atmospheric plasma jets have shown significant promise in applications such as biomedical surface modification [1] . A typical configuration of the plasma jet might consist of a dielectric tube (∼mm radius) through which a low speed jet (∼10 m s −1 ) of noble gas such as helium or argon exhausts into ambient air. The jet is characterized by a fluid mechanical mixing layer where the noble gas and air species inter-diffuse. High-voltage sinusoidal or nanosecond pulse waveforms are then applied to an electrode wrapped around or embedded within the tube. The resulting plasma forms along the jet axis extending as far as 5-10 cm downstream of the tube exit. A favorable characteristic of this type of discharge is the ability to deliver chemically reactive species at relatively long distances downstream (∼1-10 cm) of the tube with negligible gas temperature increase, which makes them ideal for delicate material processing (e.g. treatment of human skin).
Recent experimental studies have significantly increased our general understanding of the physical processes taking place within the discharge [1] [2] [3] [4] [5] [6] [7] . It is now well established that cold plasma jets produced by nanosecond pulsed discharges in a region of inert gas are in fact a series of rapidly propagating streamer discharges that are guided parallel to the axis of the fluid mechanical helium jet as it diffuses into the stagnant ambient air. Short exposure imaging of the jet reveals a luminous zone confined to the head of the streamer that travels at very high speeds (∼100 km s −1 ) and up to a few centimeters downstream of the jet nozzle exit [2, 3] , leading to the common description of these structures as 'plasma bullets'. Furthermore, imaging of the plasma jet along the axis reveals that the luminous zone is in fact ring-shaped, i.e. the peak luminosity occurs off the jet axis in a toroidal shape [4, 5] . Using laser spectroscopic methods, the detailed spatiotemporal structures of the excited species are also available [7] . In addition, other experiments show that there are three distinct operating modes: the 'chaotic mode', the 'bullet mode' and the 'continuous mode' depending on the input power [6] . Apparently, the dominant physics associated with each phenomenon remains unclear and needs to be resolved.
To date, significant effort has been made to develop theories and numerical models to understand these experimental observations. For instance, Sakiyama et al [5] developed a one-dimensional model and showed that the ringshaped luminous zone resembles the profiles of certain species (nitrogen ions and metastable helium atoms) leading to the conclusion that the Penning reactions play a vital role in the formation of such a luminous zone (also mentioned in [8] ). Two-dimensional models developed by Boeuf and Pitchford [9] and Naidis [10] successfully simulated the ring-shaped luminous zone. Furthermore, recent work by Naidis [11] has shown that the radial position where the concentration of electron and metastable nitrogen molecules reach a maximum coincides with the position where the air molar fraction is about 1% in the mixing layer. Naidis also concludes that the ring structure is attributed primarily to electron-impact ionization processes and not Penning reactions. It is well known that the plasma characteristics vary significantly with temporal features of electrical excitation, chemical composition and electrode configurations (and the corresponding electric field). Therefore, it is desirable and necessary to investigate all the features of the cold plasma jet in a self-consistent manner as we do in this study.
We have developed a multi-species, multi-temperature, self-consistent plasma model which incorporates detailed helium-air finite-rate plasma chemistry and the role of photoionization in the description of the discharge [12] . In this model, air is taken to mean a mixture of nitrogen and oxygen. Several important results were obtained from this work and are briefly summarized here. Results indicate that the helium-air diffusional mixing layer is an essential feature that guides the direction of propagation of the streamer. Helium-air species cross-reactions, such as charge exchange and Penning ionization, do not appear to play a significant role in establishing the ring-shaped ionization zone of the streamer (a similar result was predicted by Naidis [11] ). Rather, the electric-field structure in the streamer head and the large disparity in the electron-impact ionization thresholds of helium and air species determine this structure. We also find that photoionization, while important in determining the streamer propagation speed, is not an essential process for streamer propagation in the plasma jet.
Several issues that still need to be addressed include investigation of the physical mechanisms that dominate the properties of the cold plasma jet. To this end, as an extension of our previous work, we perform parametric studies of several key factors: gas composition in the inert gas/ambient gas, the size of the tube, the geometry of electrode (thickness of the electrode), the growth rate of the diffusional mixing layer between the jet and ambient gases and the plasma chemical kinetics. One of our motivations for this study stems from recent experiments [8] showing that a certain helium mole fraction level is required for the plasma jet to propagate depending on the applied voltage. For the parametric studies, we mainly compare the propagation speed of the streamer head and the travel distance in the ambient gas, both of which are readily observed experimentally and can be used to partially validate the model. In addition, these characteristics of the streamers are important in plasma processing applications. For example, increasing the spatial separation between the plasma nozzle and the processing surface allows for greater flexibility when using atmospheric plasma jets for applications. We believe the study presented in this work will serve to provide meaningful insights for optimizing and controlling plasma jet properties.
This paper is organized as follows: in section 2, we describe the physical model and the numerical approach. In section 3, we summarize all of the parameters and conditions chosen for our simulation studies. Results from the simulation studies are discussed in section 3 and conclusions are made in section 4.
Description of physical model and numerical approach
The computational modeling tool used to simulate the cold plasma jet was developed by our research group and used in previous works to simulate dc glow [13] , micro-hollow cathode [14] and atmospheric-pressure DBD discharges [15] . The core solver comprises a coupled set of governing equations for charged and neutral species continuity, electron energy transport and self-consistent electrostatic potential [14] . In addition, a model to account for the photoionization process in air is included.
Plasma governing equations
Species continuity. The number densities of the species are obtained by solving separate species continuity equations,
for all but one dominant neutral species (assumed to be nitrogen for this case). Although there are three background species that vary spatially (helium, nitrogen and oxygen), the relative changes in all three over the duration of the pulse are negligible. The initial concentrations of two of these three background species are specified explicitly and the third is calculated from the ideal gas law, p = n k k B T k , where p is the gas pressure, n k is the number density of species with index k and T k is the temperature of species k. The resulting plasma is typically weakly ionized (on the order of 1 ppm) and the number densities of the three bulk species will remain essentially unchanged over the pulse duration.
Drift-diffusion.
The species number flux term − → k can be obtained either by solving a separate momentum equation for the heavy species or using the drift-diffusion approximation.
The drift-diffusion approximation is valid if the plasma can be considered highly collisional. At high pressures (atmospheric) and room temperature, the mean free path of the ions and neutral species (micrometers) are much smaller than the characteristic length scales of the discharge (millimeters). For plasma fluid models at atmospheric pressure, it is common practice to use the drift-diffusion approximation (e.g. the DBD streamer simulations of Unfer and Boeuf [16] ).
The terms in the drift-diffusion equation are the species mobility, µ k , the species diffusion coefficient, D k , and the electric field represented by the negative gradient of the electrostatic potential, − − → ∇ φ. For high (atmospheric) pressures and jet diameters (∼mm) characteristic of atmospheric-pressure cold plasma jets, we assume that the following drift-diffusion approximation of the momentum equation is valid:
The individual species chemistry source terms in
• R k are computed using a mass-action kinetics formulation with reaction pathways and rate coefficients that are discussed later in section 2.4.
Electrostatic potential. The self-consistent electrostatic field φ is computed by Poisson's equation,
where ε 0 is the permittivity of free space and Z k is the charge number of species k. Poisson's equation can be solved in a semi-implicit manner using an explicit predictor step on the electron number densities to predict their values at the next time step. This typically allows for a much larger time step to be taken.
Electron energy transport. The electron temperature is computed using an electron energy conservation equation given by
Here the total electron energy is assumed to be approximately equal to the mean electron energy e e ≈ (3/2)n e k B T e while the electron pressure p e is obtained using the ideal gas law. The right-hand side of the electron energy equation incorporates three source terms: Joule heating, inelastic collisional heating and elastic collisional heating, respectively. The electron unit charge is e, E e i is the energy lost by an electron (in units of eV) in a single collision event involving a reaction i with a rate of progress given by r i , andv k,k b is the species momentum transfer collision frequency.
Heavy species temperature. For all simulations presented in this paper, the background gas temperature is kept fixed at 300 K. This assumption was made based on experimental observations that the gas temperature in an atmosphericpressure plasma jet remains essentially unchanged [1] .
Photoionization model
The approach used to calculate the air photoionization source term in this work is based on the three-term exponential Helmholtz model described by Bourdon et al [17] and is summarized in this section. The three-term exponential Helmholtz model is an approximation of a widely used [17] integral model developed in the 1980s by Zheleznyak et al [18] . The model of Zheleznyak et al [18] for the photoionization of air serves as the starting point where the rate of photoionization of oxygen molecules (O 2 +hv → E+O + 2 ) at a point r due to the emission of ionizing radiation from nitrogen at all surrounding source points r is given by an integral equation,
Here, R is the distance between r and r, I ( r ) is an emission function that characterizes the intensity of radiation from emitting species (E + N 2 → E +N 2 + hv in this case). Note that E represents electrons and hv represents the ionizing photons emitted by nitrogen which have wavelengths in the range 98-102.5 nm [19] (∼12.1-12.65 eV). I ( r ) is assumed to be proportional to the rate of ionization S i ( r ) of the emitting species (N 2 ) through collisional processes (e.g. electronimpact ionization) multiplied by an efficiency factor ξ (∼0.02) and a quenching factor P q /(P + P q ), where P q is found from experiments (∼30-60 Torr) and P is the gas mixture pressure. Note that we do not account for ionizing radiation from the helium molecules. Therefore,
The photoionization of the absorbing species O 2 also depends on a geometric absorption function g(R), which in turn depends on the distance from the photon source and the partial pressure of absorbing species (P O 2 ). The functional g(R) can be fit from experimental data in the form
where χ min and χ max are parameters in the fit. For a finite volume fluid model, this approach requires performing a quadrature for every volume element in order to calculate the photoionization source for each cell. For a domain consisting of n cells, this requires n 2 computations every time the photoionization source terms must be calculated, making this approach computationally prohibitive.
To circumvent the high computational cost of the above integral model, several approximate models have been developed in recent years. Luque et al [20] proposed a method which involves replacing the Zheleznyak integral model [18] with a set of Helmholtz equations. Ségur et al [19] proposed the Eddington and SP 3 models as approximations to the radiative transfer equation. For this study, a three-term Helmholtz model described in Bourdon et al [17] along with relevant fit data and parameters for air was chosen. It involves splitting the ionization source term into three (Bourdon et al [17] ) terms as shown below,
within each term, the absorption function g(R)/P O 2 is replaced with an exponential function which amounts to approximating the absorption function using a three-term exponential curve fit. The advantage of this method is that the individual photoionization source terms now have the form
In this form, each S j ph term is now the solution to a Helmholtz equation. The original problem is therefore modified from integrating the Zheleznyak integral n times for n cells, to solving three Helmholtz equations over the entire domain; the computational cost is significantly lower than solving the integral equation numerically. The general form of the Helmholtz equations that are solved is given as
where λ j and A j are parameters which are obtained by fitting the three exponential terms in the S ph terms to experimental data obtained for the original absorption function of air divided by the partial pressure of oxygen g(R)/P O 2 . The values λ j and A j , by fitting the three terms, are calculated for air by Bourdon et al [17] and are tabulated in table 1. Bourdon et al [17] performed a series of verification tests and found that the three-term Helmholtz model is in close agreement with the Zheleznyak integral model, particularly in regions away from the walls. Near the solid surfaces, the original authors of the three-term Helmholtz model (Luque et al [20] ) use a Dirichlet boundary condition of zero which is computationally cheap but does not accurately match the Zheleznyak solution near the surface. It is possible to solve the Zheleznyak integral from equation (5) exactly at wall faces to obtain an accurate solution of the photoionization term near the wall, although the computational cost is higher. For all simulations performed herein, we imposed a symmetry boundary condition rather than calculate the exact photoionization term. This results in faster computation times but a less accurate calculation of photoionization near the tube. As we are primarily interested in the physics of the discharge in the plume region away from the tube, we deemed this loss of accuracy acceptable.
As a final comment, we note that we have completely neglected the contribution of helium photoionization to the discharge physics as we are not aware of any data for helium photon emission for the Helmholtz model at this time. The results presented in this work will therefore under-predict the role that photoionization plays in the discharge.
Helium-air plasma chemistry
The plasma chemistry mechanism used in this study consists of 16 species and 40 reactions shown in table 2. The air (oxygen-nitrogen) chemistry sub-mechanism was taken from [21] and the helium and helium-nitrogen chemistry submechanism was taken from [22] . O 2 + N 2 is an intermediary species for reactions involving nitrogen and oxygen ions. For all but one simulation presented in this work, it was assumed that Penning ionization reactions involving helium and nitrogen are dominant and Penning ionization between helium and oxygen was neglected. The tabulated reaction rates are given in the Arrhenius form. For (air) reactions involving electron impact with heavy species, an offline zero-dimensional Boltzmann solver BOLSIG+ (23) was used to obtain a polynomial curve fit of the reaction rates of those reactions versus mean electron temperature (in pure air). The helium electron-impact reactions from [22] are given as Arrhenius reactions, and were not explicitly recalculated using BOLSIG+. The production rate due to photoionization is dependent on the production rate of N + 2 ions but is otherwise solved independently of the finite-rate chemistry.
Numerical approach
All the equations are solved in a decoupled manner on an unstructured mixed mesh grid using a finite volume formulation. With the exception of the electrostatic potential equation, all governing equations are solved in a time implicit (backward Euler) manner. The species number fluxes at the cell interfaces are calculated using the first-order ScharfetterGummel scheme and the cell-centered flux is calculated using a cell-centered reconstruction scheme described in [24] . The electrostatic potential equation is solved using a semiimplicit approach, where the source term in Poisson's equation is updated at a new time step using a prediction of the electron densities from the previous step. Typically, we are required to employ a large computational mesh (∼100 000 cells) for the class of problems discussed in this study, which necessitates parallel computing acceleration to manage the total computational time.
Simulation configuration
All simulation results presented in this paper are for a twodimensional axisymmetric geometry shown in figure 1. Pure helium flows through a dielectric tube with radius between 0.5 and 2 mm. The helium or helium/air mixture (1% air, O 2 and N 2 ) issues into a stagnant air ambient at the tube exit (at x = 0 in figure 1 ). The simulation domain extends to an axial distance of 2 cm from the tube exit. For prescribed tube exit velocities of the order of 10 m s −1 the fluid mechanical jet flow remains laminar in practice and the species diffusion mixing layer profile in the air ambient can be approximated, as shown in the bottom half of figure 1. The mixing layer is an important feature of the jet, since it defines the spatial region where cross reactions between helium and air species can occur. (2) The following excited species are not distinguished as separate species from their respective ground state species in this mechanism. However, the energy of formation of these species is accounted for in the respective reactions.
Excited species Treated as
Given the highly disparate velocity scales of the nanosecond plasma discharge phenomena (streamer propagation velocity) and the fluid flow phenomena, it is possible to ignore fluid flow velocity completely in our simulations and to retain only the background species concentration profiles.
The discharge is generated by a thin embedded foil electrode (10 µm thick) in the matrix of the dielectric tube at a radial distance of 2 mm and it terminates 5 mm away from the tube exit (the red line shown in figure 1 ). The computation mesh used to discretize the governing equations was generated using a third-party mesher and is shown in the top panel of figure 1 The complete mesh comprises a total of 85 000 unstructured cells split among a plasma and a dielectric subdomain. The mesh resolution was determined to be sufficient to describe the cold plasma jet phenomena with the traveling streamer. A 10 kV positive voltage is applied at the embedded electrode to initiate the plasma discharge. The voltage is applied as a square wave 'pulse', i.e. the peak voltage is applied instantaneously at the beginning of the simulation and remains constant for the simulation duration (100-200 ns). The electrostatic potential for the far-field boundaries of the stagnant air ambient region is grounded for all simulations presented. We simulate a discharge generated by a single pulse; in practice, the pulse is repeated at a high repetition rate (typically ∼kHz) to produce a continuous (albeit pulsed) plasma jet. The jet flow velocity is very low, and some of the metastable and radical products (particularly those with long lifetimes such as singlet delta oxygen) will persist through multiple pulses. These species will in turn affect the discharge characteristics of subsequent pulses. Although this effect can be significant, we only consider the case of the very first pulse in a pulse train for this work.
The boundary conditions of all the governing equations for the cold plasma jet simulation are shown in figure 2. The numbers indicated in black are boundaries surrounding the plasma subdomain while numbers in red indicate boundaries located around the dielectric subdomain. For the potential equation, the embedded electrode is kept at a constant 10 kV for all simulations while the far field boundaries of the air ambient (4 and 5) act as the ground. For the species continuity equations, solid surface flux boundary conditions were imposed with oxygen secondary electron emission coefficients set to 0.05 and all other ion secondary emission coefficients set to 0.1 along the dielectric while the axis and other boundaries have symmetry boundary conditions [14] . Along the walls, it was assumed that all ions, electrons and metastable species are quenched upon impact with the surface. For photoionization, we impose symmetry at the walls and either symmetry or zero photoionization in the far field. For the electron temperature, we impose zero-flux boundary conditions. The background gas temperature was held at a constant 300 K for all simulations. These conditions define a baseline case for the simulation study.
Unlike glow discharges, which are very sensitive to wall effects such as secondary electron emission, streamer discharges do not appear to be very sensitive to wall conditions. In the nanosecond pulse DBD simulations of Unfer and Boeuf [16] , it was observed that streamer discharges along dielectric surfaces appear to be insensitive to secondary electron emission. As a test, we ran simulations using an electron energy wall flux boundary condition [14] . The same simulation was performed with the electron temperature wall flux condition changed to a symmetry condition. There was no discernible change in the speed or structure of the discharge when comparing the cases using electron energy wall flux and symmetry boundary conditions at the wall. We therefore chose to set electron energy wall boundary conditions to symmetry for all subsequent simulations performed herein. Figure 3 shows the overall structure of the cold plasma jet for the baseline case. Snapshots of some selected properties: (a) electron density, (b) ionization rate, (c) photoionization rate, (d) voltage, (e) reduced electric field (i.e. E/N) and (f ) mean electron temperature, which characterize the discharge, are shown 75 ns after the start of the pulse. A cathodedirected streamer propagates parallel to the geometry axis outside of the dielectric tube. The streamer is a traveling ionization wave without any bulk material transport. At 75 ns, the streamer has propagated to a distance of about 1.2 cm from the tube exit and the radius of the streamer is close to the tube radius of about 1 mm. From figure 3(a) , the peak electron densities in the streamer are seen to be about 10 20 m −3 with relatively high electron densities through the entire length of the streamer body (from the streamer head to the interior of the dielectric tube). The total ionization rate (including chemical ionization and photoionization) shown in figure 3(b) is sharply localized at the streamer head with slightly lower ionization rates occurring at the radial edge along the body of the streamer. The peak total ionization rate is about 10 28 m −3 s −1 . The photoionization source is also peaked at the streamer head with a peak photoionization rate of about 5×10 23 m −3 s −1 , which is much lower than the total ionization rate. However, photoionization occurs over a diffuse region that extends to a significant distance (∼2 mm) ahead of the streamer head. The photoionization therefore acts as a source of pre-ionization which results in the relatively high electron densities ahead of the streamer head seen in figure 3(a) . The streamer propagation is aided by this photoionization process. As shown in our previous work [12] , the photoionization results in a significant increase in the streamer propagation speed, but it is not essential for streamer propagation. The entire body of the streamer extending from the leading edge (head) of the streamer to the interior of the dielectric tube is nearly equipotential at about 7500 V. Consequently, the electrostatic field at the head of the streamer is high and the reduced electric fields (figure 3(e)) are sufficient (about 200 Td) to ionize the gas in front of the streamer head. Using BOLSIG+ (23), it was found that the breakdown threshold for pure He gas is on the order of 10 Td while the breakdown threshold for pure air is on the order of 30-40 Td. Furthermore, for the reduced electric fields typically observed in the streamer/bullet head (200 Td) the ionization rate of pure helium is approximately an order of magnitude greater than the ionization rate in pure air for the same E/N. The presence of photoionizationgenerated electrons ahead of the streamer head provides seed electrons to further aid in this electric-field-driven ionization within the streamer head. The electron temperature is shown in figure 3 (f ) and has a peak value of about 8 eV at the streamer head.
Results

Basic features of the atmospheric cold plasma jet
Further insights into the discharge structure can be obtained from figure 3(b) . The peak ionization rate is located off the jet axis and is similar to experimental observations of ring (toroidal)-shaped luminous 'plasma bullets' [4, 5] . This is in contrast to a streamer propagating in a single component gas (e.g. pure air), where the peak ionization occurs along the axis of the streamer. The off-axis ionization of the streamer begins at the start of the pulse as a surface discharge within the inner walls of the dielectric tube (see figure 3(a) ). This phase of the discharge occurs in the pure helium gas in the tube. Once the surface discharge reaches the tube exit plane (x = 0), it changes into a streamer and continues to propagate axially away from the tube, guided by the mixing layer and maintaining the off-axis peak ionization profile for most of its lifetime. Both experiments (1), (2), (3), (4), (5) and models (9) (10), have emphasized the importance of the helium-air mixing layer in guiding the motion of the streamer/plasma bullet off the axis.
A distinctive feature of the mixing layer is the occurrence of cross reactions between helium and air species (e.g. charge exchange and Penning ionization reactions). Figure 4 shows the line plots of important contributions to the total ionization rate at time 75 ns after the start of the pulse (a) along the axial direction and (b) the radial direction at the location of the streamer head (x = 1.2 cm). The electron-impact ionization of He atom (He + E → He + + 2E) and N 2 molecules (E + N 2 → 2E + N + 2 ) clearly dominates in the streamer head. The maximum ionization rate occurs off-axis at a radial location of ∼0.8 mm from the axis. Penning ionization (green line) is the principal contributor to ionization within the body of the streamer behind the streamer head. This is due to the high density and long lifetime of metastable helium. Finally, while photoionization plays a negligible role within the streamer, its influence extends over a large region in front of and around the propagating streamer head. This creates a low density cloud of seed electrons that significantly modify the speed of the discharge as mentioned earlier. We can make further observations about the radial location of the streamer head. The peak electron density of the propagating streamer occurs at a location where the air mole fraction is 1-2%, which is consistent with simulation results by Naidis [11] , who observed peak electron densities on the 1% air mole fraction line.
To examine the role of these reactions in the streamer propagation, we performed additional simulations (not shown) that disabled all cross reactions between helium and air species (G 37 to G 40 in table 2). It was seen that the overall structure of the streamer propagation in fact remains unchanged and nearly the same ionization profile is recovered suggesting that the helium-air cross reactions do not play a significant role in the ring-shaped ionization wave [12] .
From the above results it is evident that the induced electric field at the head of the streamer plays the key role in its propagation, while its confinement to the helium core and the distinctive ring shape are due to the fluid mechanical structure of the helium jet with a mixing layer between the helium and air species. The relatively high ionization threshold for air species compared with helium [25] serves to confine the streamer propagation to within the core of the helium jet. A clearer understanding of the role of the helium-air mixing layer is gained by a simulation of the discharge without the presence of the air ambient, i.e. a helium jet issuing into stagnant helium gas. The top panel in figure 5 shows a snapshot of the electron density for the pure helium case 70 ns after the start of the pulse, and the bottom panel is for the baseline case at the same time. In the absence of the air ambient, the plasma surface discharge continues to propagate along the surface beyond the tube exit wall without transitioning into a streamer discharge. This simulation emphasizes the role of air ambient in guiding the streamer away from the tube exit, a feature that is critical to the remote plasma-type applications for cold plasma jets. Figure 6 shows a collage of images for the total electron ionization rate as a function of time for the pure helium (top) and helium-air (bottom) cases. During the time the discharge is confined to the tube (up to 30 ns), both cases show identical discharge structure. The top inset image of figure 6(a) zooms in on the discharge at 20 ns and shows that the discharge consists of two distinct ionization regions: a surface discharge driven by charge trapped on the dielectric surface, and a streamerlike discharge away from the wall that is driven by the induced electric field of the space charge in the streamer head. Once the discharge leaves the tube, the pure helium discharge retains the characteristics of a surface discharge as it propagates along the dielectric tube in the axial direction and then turns the corner of the tube and propagates radially along the tube surface. With the air ambient, the discharge transitions into a streamer that moves rapidly along the axial direction, as discussed earlier.
The streamer head propagation speed is about 400 km s −1 , which is consistent with the experimentally observed plasma bullet propagation speed [2] .
The streamers are observed to propagate axially out to a finite distance before they are extinguished. Experimental studies have reported the helium mole fraction along the axis at the location of the streamer extinction to be in the range 0.3-0.6 for voltages between 3 and 7.5 kV [8] . The experiments also report a trend that indicates the helium mole fraction at the axial location, where the streamer extinguishes, decreases with increasing voltage, i.e. the streamer propagates further downstream with increasing voltage. An additional simulation was performed with a significantly larger domain size extending to an axial distance of 8 cm beyond the tube exit (see figure 7) . The on-axis helium mole fraction at the end of the domain (x = 8 cm) was 0.15 (top panel of figure 7 shows the helium mole fraction in the domain). The propagation speed of the streamer head and the on-axis helium mole fraction are shown in the bottom panel of figure 7 . As the streamer discharge propagates from the helium core to the region where air densities become significant, the propagation speed of the streamer head is observed to decrease. In addition, we observe from time snapshots of the electron density contours that the radial location of the peak electron densities in the streamer head moves toward the axis, eventually resulting in peak electron densities on the axis just prior to extinction. For the electrode voltage of 10 kV, the streamer reaches a maximum axial distance of 4.5 cm which corresponds to an on-axis helium mole fraction of 0.8. 
Effect of tube radius
Because the streamer propagation is highly dependent on the physical shape of the inner core (<1% helium region) of the helium jet, it comes as no surprise that changing the radius of the tube significantly affects the structure and propagation speed of the streamer. In this study, tubes with radii 0.5, 1 and 2 mm were compared. Decreasing the tube radius results in streamers that propagate with noticeably higher speeds and plasma densities. As the tube radius is increased to 2 mm and above, the plasma propagates primarily along the heliumair mixing layer with very little plasma on the axis and with propagation speeds that are lower than those seen for smaller tube radii.
Effect of mixing layer growth rate
The growth rate of the mixing layer between the helium core and the air ambient depends on the fluid mechanical parameters such as the jet Reynolds number [26] . For increasing Reynolds number (higher tube exit velocities) the mixing layer growth rate decreases, meaning that the mixing layer width at any axial location decreases with increasing Reynolds number. Figure 9 compares the streamer properties for three cases with (a) no mixing layer growth rate (abrupt boundary between helium and air), (b) the baseline mixing layer growth rate used for the simulations in this study and (c) a mixing layer growth rate greater than that used for the baseline simulation. The bottom panels in figure 9 show the helium mole fraction contours as representative of the mixing layer growth rates. While the growth rate choices for (b) and (c) are somewhat arbitrary, it is important to note that at any axial location the increased growth rate is accompanied by an increase in the air mole fraction closer to the jet axis. Results indicate that a wider mixing layer width results in a 'fuller' streamer structure with increased charge species densities closer to the jet axis. The streamer head speed is also observed to increase with increasing mixing layer growth rates. The dependence of the streamer speed on the mixing layer width is significantly weaker than the dependence on the tube radius. There are two physical mechanisms which could explain the observed speed increase. The first is the greater role that photoionization plays when the region of mixed air and helium is enlarged. The other, more likely, explanation is that as the mixing layer width increases, the radius of the inner helium core, which corresponds to the region where the helium-air ratio is 99%, decreases. As was seen earlier, a decreasing helium core radius results in increasing streamer speeds. From this, we conclude that the width of the mixing layer itself does not play a significant role in the kinetics of streamer propagation as long as a significant helium core (almost 100% helium mole fraction) region exists.
Role of trace impurities
Another parameter investigated is the role that trace impurities within the helium core have on the overall kinetics of the discharge. We investigate by adding 1% air, 1% pure nitrogen (N 2 ) and 1% pure oxygen (O 2 ) impurities to the helium background. The initial helium densities are modified to 99% of their original value plus 1% of whichever impurity is being added. The number density ratio of the ambient air remains unchanged.
The resulting electron density profiles and streamer propagation speeds are shown in figure 10 . The impurities are expected to have two principal effects on the kinetics of the discharge. First, the presence of O 2 and N 2 impurities creates loss pathways for electron energy via electron collisions with these molecules to create vibrationally and electronically excited molecules. Less energy is thereby available for plasma formation through electron-impact ionization. Also, oxygen is an electronegative gas and can deplete electrons via attachment reactions. These factors suggest that nitrogen and oxygen impurities will have an adverse effect on plasma formation. The second effect of impurities, when both oxygen and nitrogen impurities are present simultaneously (e.g. for air), is the occurrence of photoionization within the helium core, which in turn produces seed electrons over a larger volume, potentially increasing the charge density and speed of the streamer.
For the first 30 ns after the pulse is turned on, corresponding to discharge propagation within the tube, it is seen that adding only pure O 2 or pure N 2 results in a very small decrease in the streamer propagation speed. Adding air impurity (N 2 and O 2 ) results in a significant speed-up of the discharge propagation within the tube itself, and the plasma forms over a larger volume within the tube compared with the other cases. Outside the tube, the impurities result in a slight increase in the streamer propagation speed. From these observations, it appears that the air impurity (mixture of oxygen and nitrogen) plays a significant role during the initial surface discharge phase in the dielectric tube. Once the discharge leaves the tube, the large amount of air from the ambient overwhelms the presence of trace impurities in the helium and only a small increase in the streamer propagation speed is observed.
Electrode thickness
The final parameter investigated in this study is the geometry of the powered electrode used to initiate the discharge in the dielectric tube. The objective is to determine how much of an impact the configuration of the electrode has on the formation of the discharge inside and outside of the dielectric tube. Both the electrode thickness and the vertical displacement of the electrode were varied to determine what effect the electrode placement, and hence the externally applied potential field, has on the formation of the streamer. Figure 11 displays the snapshots of the electrode densities 75 ns into the simulation. Figures 11(a)-(c) show the streamer electron densities for varying the thickness of the electrode from 10 µm to an 'infinite' electrode. Figure 11(d) shows an electrode with the same thickness as figure 11(a) (baseline), but embedded at a greater radial distance of 3 mm from the axis (baseline case is for an electrode at a radial distance of 2 mm). We observed that only the initial stages of discharge formation in the tube is affected by the electrode thickness. Thinner electrodes have greater electric-field concentration at the electrode edge which results in plasma breakdown occurring earlier in the tube and larger peak plasma densities within the tube. Outside of the tube, however, there is no discernible difference in the streamer propagation speed or its structure. When the electrode is shifted 1 mm away from the inner tube ( figure 11(d) ), breakdown occurs later compared with the baseline case. Once the streamer leaves the tube, however, the structure and speed of the streamer head are unchanged compared with the default configuration. It is therefore apparent that the physical shape of the embedded electrode has some effect during the initial stages of the discharge formation within the dielectric tube, but has little to no effect on the streamer discharge once it leaves the tube.
Summary
We have developed a self-consistent model of a cold atmospheric-pressure plasma jet that includes plasma discharge physics, chemical kinetics and photoionization effects. The plasma discharge comprises a streamer (ionization wave) also called a 'plasma bullet' generated by the start of an excitation pulse at an electrode that is embedded within, or in the vicinity of, a dielectric tube that carries the noble gas helium. The streamer is sustained by high (above threshold) electric fields that drive electron-impact reactions. The mixing layer region, where the helium core gas inter-diffuses with the ambient air, is necessary to realize a streamer (bullet) that propagates parallel to the jet axis. Without the presence of air or some other gas that has higher breakdown threshold than the jet core gas, the plasma discharge from the tube will not propagate into the open gap and will remain confined to the dielectric wall as a surface discharge.
Discharge geometric and operating parameters such as tube radius, jet Reynolds number (mixing layer growth rate) and electrode geometry and chemical process parameters such as Penning ionization reactions, the (air) photoionization process and impurities in the jet core gas were all found to have an effect on the streamer speed and the structure of the streamer to varying degrees. Photoionization has a significant impact on the speed of the streamer propagation but is not essential to streamer propagation, a conclusion that was also made in our previous work [12] . Penning ionization reactions also have an impact on streamer propagation although not to as great a degree as (air) photoionization. It was found that adding impurities and changing the electrode configuration have the greatest impact on the discharge while it is still confined to the dielectric tube. Adding air impurities results in a significant increase in the propagation of the discharge in the tube, but otherwise has little effect on the discharge once it emerges as a propagating streamer in the ambient.
It was found that modifying the radius of the tube and the helium exhaust jet significantly modifies the streamer propagation speed and the plasma structure to a lesser degree. For larger radii, the plasma remains confined almost entirely in the mixing layer and propagates at lower speeds. For smaller tube radii, the streamer speed increases noticeably and the density of the plasma near the axis is also increased.
The diffusional mixing layer growth rate (width at any axial location) has a moderate effect on the bullet propagation. Widening the mixing layer at any axial location results in a modest increase in the streamer speed and a slightly wider plasma profile. It is apparent, however, that having a finite mixing layer width is not essential for streamer propagation. This is in agreement with simulations by Naidis [10] and Boeuf et al [9] , both of which successfully modeled streamer propagation without a finite width mixing layer.
Changing the powered electrode geometry changes the voltage gradients within the tube, which affects the breakdown and propagation of the surface discharge within the tube. Once the discharge leaves the tube, however, the streamer structure and speed are relatively unaffected by the electrode geometry.
